The Cape dune mole-rat (Bathyergus suillus) is a solitary, seasonally breeding, rodent mole. Body mass, reproductive tract morphometrics, ovarian histology, and plasma estrogen and progesterone concentrations were measured in females during 1 calendar year to elucidate if this species had an inclination toward seasonal breeding. Qualitative analyses of ovarian histology revealed that females retain the potential for ovulation and subsequent production of corpora lutea from early austral winter to spring (June-October). Seasonal differences were found in ovarian morphometrics and hormone concentrations that are associated with follicular activation from April and subsequent conceptions from June to November. Body mass, reproductive tract morphometrics, testicular histology, and plasma testosterone concentrations were obtained for males over the period of 1 calendar year. There was a gradual increase in seminiferous tubule diameter from May to October, which was mirrored by fluctuations in testosterone concentration. The current data support a strong seasonality to reproduction in the Cape dune mole-rat from April to October with a peak that is linked to the period of maximal rainfall within the distributional range of this species.
Seasonality of reproduction is not limited to either solitary or social species and may be variable within families (Busch et al. 2000; Hansen 1960; Rado et al. 1992; Vaughan 1962; Verts and Carraway 1991) . The onset of reproduction in seasonally breeding rodents has long been attributed to changes in photoperiod; however, for mammals spending the majority of their life underground other environmental cues such as thermoperiod, changes in soil moisture content, or sudden flushes of vegetation associated with good precipitation may be far more important in triggering reproduction.
The majority of subterranean rodents are strictly solitary and xenophobic, aggressively defending their burrow system from foreigners (Nevo 1979) . Courtship and mating is usually a brief affair that together with nursing (by the female) necessitates a temporary reprieve from the marked xenophobia toward conspecifics (Bennett and Jarvis 1988a; Herbst et al. 2004 ).
The Bathyergidae is one of a few families of rodents that have both solitary and social representatives Jarvis and Bennett 1990) . Indeed, African molerats are unusual in that they display a broad spectrum of social organization, ranging from strictly solitary through to eusocial representatives Jarvis et al. 1994) .
Studies on the reproductive life-history patterns of the social mole-rats have dominated the last decade of research on the Bathyergidae (Bennett et al. 1996 Janse van Rensburg et al. 2002 Spinks et al. 1997 Spinks et al. , 1999 . Most social African mole-rat species exhibit a pattern of aseasonal reproduction (Bennett and Aguilar 1995; Bennett and Jarvis 1988a; Bennett et al. 1994; Jarvis 1981) . To date, only 2 exceptions are apparent, Cryptomys hottentotus hottentotus and Cryptomys hottentotus pretoriae (Janse van Rensburg et al. 2002; Spinks et al. 1997 Spinks et al. , 1999 . By contrast, our knowledge of the reproductive biology of solitary species is most comprehensive for only 2 species, the Cape mole-rat (Georychus capensis-Bennett and Jarvis 1988b) and the Namaqua dune mole-rat (Bathyergus janetta- Herbst et al. 2004) . Our knowledge on the reproductive biology of the Cape dune mole-rat (Bathyergus suillus) lacks information on hormone profiles and ovarian histology. There is some evidence that the Cape dune mole-rat may be a seasonal breeder but the evidence is equivocal (Jarvis 1969; van der Horst 1972) . All attempts to breed these strictly solitary Cape dune mole-rats in the laboratory have been unsuccessful; consequently there is a paucity of information on a number of parameters of their reproductive biology Bennett and Jarvis 1988a; Sumbera et al. 2003) . In this paper parameters such as the duration and frequency of pregnancy, physical dimensions of reproductive organs, patterns of follicular development and sperm production have been augmented with endocrine profiles to provide insights into annual reproductive events. These data have been obtained from a large sample of wild-captured male and female B. suillus and are used to examine whether the Cape dune molerat is indeed a seasonal breeder, the duration of the breeding period, and possible cues for the onset of reproduction.
MATERIALS AND METHODS
Acquisition of animals.-All gonadal tissues and plasma used in this study were obtained from mole-rats captured by professional mole catchers at Cape Town International Airport, Cape Town, South Africa (338589S, 188379E), as part of an eradication program conducted in conjunction with the University of Cape Town. A total of 581 males and 734 females were captured during the period January 2003-January 2004. Animals were captured on a daily basis with the use of modified vice traps (Vastrap, Observatory, Cape Town, South Africa). Three-millimeter-thick rubber strips were wrapped around both serrated edges of the trap and secured in place with cable ties. Although this greatly reduced the efficacy of the traps and necessitated frequent checking it had the desirable effect of limiting damage to the animals' limbs upon capture. Traps were checked every 20 min and captured animals were immediately removed from their burrow, placed in a 20-liter plastic bucket, and euthanized with an overdose of chloroform as an anesthetic. The animals were weighed and sexed, after which the abdominal cavity was opened along the ventral midline. Blood was taken directly from the ventricles using heparinized syringes. The blood was immediately centrifuged and the plasma fraction initially frozen at À208C and then stored at À708C until radioimmunoassay for the respective steroid hormones. The gonads were removed and preserved in 10% buffered formalin. All females were checked for pregnancy (presence of uterine embryos) and lactation (prominent nipples surrounded by a small circle of matted fur).
Gonads.-The gonads from 471 males and 623 females were collected. Excess fatty tissue was removed from the gonads after which the maximum length and width were recorded using a vernier calliper (Mitutoyo American Corporation, Aurora, Illinois). Gonad mass was measured to the nearest 0.1 g on a Sartorius 1213MP scale (Zeiss, Niedersachsen, Germany). Gonad mass was then converted to milligrams and corrected for body mass by dividing the gonad mass (mg) by the body mass (g) of each individual. The measurements obtained from the paired gonads were averaged. From these data it was possible to determine the average gonadal volume for each individual using the equation for the volume of an ellipsoid: V ¼ 4/3(pab) 2 , where a is one-half maximum length and b is one-half maximum width (Woodall and Skinner 1989) .
A subsample of 253 males and 250 females was used for the endocrine and histological study. The testes, ovaries, and corresponding plasma samples for each individual were used. Standard histological procedures were applied to all gonads. Briefly, gonads were 1st dehydrated through a series of alcohol baths and then imbedded in a paraffin wax cube. The gonads were sectioned on a microtome at a thickness of 7 lm and sections were mounted on microscope slides. Sections were not mounted serially and subsamples for each individual were taken. For males sections were only taken from the middle part of each testis. A minimum of 60 sections per testis for each male was examined. For females a total of 120 sections were examined for each ovary. Sections were stained with hematoxylin and counterstained with eosin. For a detailed description of this staining process see Drury and Wallington (1967) . After staining, the sections were examined under a light microscope at magnifications of 40Â and 80Â. In males the diameters of the seminiferous tubules were determined for 60 tubules from each testis with the use of an eyepiece micrometer.
Ovarian sections were examined for the presence and number of different follicles and corpora lutea. Follicle and corpora lutea counts were averaged for both ovaries from the same individual to give the relative number of follicles per female. The condition of the ovarian tissue after the staining process was not always optimal and because some of the sections were damaged the identification of certain structures proved to be difficult. For this reason we excluded the corpora hemorrhagica and corpora albicantia from the analyses. The identification and classification of follicles was done according to that ascribed by Bloom and Fawcett (1962) and Bennett et al. (1994) . Primordial follicles were numerous and found at the perimeter of each section. When these follicles increase in size, primary follicles are formed and these follicles are characterized by the presence of a large nucleus. Primary follicles then develop small fluid-filled antrums to form secondary follicles. The fluid-filled antrum then increases in size to form a tertiary follicle. When the fluid-filled antrum extends throughout the entire follicle, the follicle is termed a graafian follicle (the nucleus is now anchored to one side of the follicle). After the release of the egg cell the fluid-filled antrum is rapidly filled with cells and now forms a corpus luteum. Finally, at any stage during the development of a follicle from one stage to another the development can cease. These follicles now form atretic follicles and are characterized by degraded cells and the presence of a crumpled zona pellucida.
Hormonal overview.-Plasma from 253 males and 250 females was used to measure circulating concentrations of testosterone and progesterone, respectively. A total of 225 of the 250 plasma samples obtained from the females also were used to determine the 17b-estradiol concentrations. Hormonal profiles for each of the sex steroids were constructed on a monthly basis for samples collected over the calendar year.
Progesterone radioimmunoassay.-Progesterone assays were performed as described by Bennett et al. (1994) using a Coat-a-Count Progesterone kit (Diagnostic Products Corporation, Los Angeles, California). The antiserum is highly specific for progesterone with cross-reactivity to all naturally occurring steroids of ,0.5%, with the exception of 17a-hydroxyprogesterone (3.4%), 11-deoxycorticosterone (2.4%), 5b-pregnan-3,20-dione (3.2%), and 5a-pregnan-3,20-dione (9%). Standard curve concentrations used to perform the progesterone radioimmunoassay ranged from 0.3 to 127.2 nmol/liter. The assay was validated for plasma of B. suillus by testing the slope of the curve produced using serial dilutions of unextracted mole-rat plasma obtained from a pregnant female (over the range 1:1-1:32) against the standard curve. After logit-log transformation of the data (Chard 1987) , the slopes of the lines were compared using the Statistica computer package (StatSoft, Inc. 2002) and found not to differ significantly from the reference preparation (analysis of covariance [ANCOVA], F ¼ 0.005, d.f. ¼ 1, 7, P . 0.05). The minimum detection limit of the assay was 0.36 nmol/liter. Intra-and interassay coefficients of variation for repeated determinations of a quality control were 4.4% and 7%, respectively.
17b-Estradiol determination.-17b-Estradiol assays were performed as described by Herbst et al. (2004) using a Coat-a-Count Estradiol kit (Diagnostic Products Corporation). Cross-reactivity of the antibody to all naturally occurring steroids was 10% with estrone, ,5% with estriol, estrone-b-D-glucoronide, estrone-3-sulfate, dequilenin, 17b-estradiol-3-monosulfate, testosterone, and androsterone. The assay was validated for plasma of B. suillus by testing the slope of the curve produced using serial dilutions of unextracted mole-rat plasma obtained from a female with high estradiol concentrations (over the range 1:1-1:32) against the standard curve. After logit-log transformation of the data (Chard 1987) , slopes of the lines were compared using the Statistica package (StatSoft, Inc. 2002) and found not to differ significantly from the reference preparation (ANCOVA, F ¼ 0.087, d.f. ¼ 1, 6, P . 0.05). The sensitivity of the assay was 10 pg/ml. Intra-and interassay coefficients of variation for repeated determinations of a quality control were 5% and 11%, respectively.
Testosterone determination.-Testosterone samples were assayed using Coat-a-Count Testosterone kits (Diagnostic Products Corporation). Cross-reactivity of the antibody was 16% with 1-ketotestosterone, ,5% with dihydrotestosterone and 19-hydroxyandrostendione, and 1% with aldosterone, androstendione, cortisol, corticosterone, estrone, methyltestosterone, and progesterone. The assay was validated for plasma of B. suillus by testing the slope of the curve produced using serial dilutions of unextracted mole-rat plasma obtained from a male with high testosterone concentrations (over the range 1:1-1:32) against the standard curve. After logit-log transformation of the data (Chard 1987) , the slopes of the lines were compared using the Statistica package (StatSoft, Inc. 2002) and found not to differ significantly from the reference preparation (ANCOVA, F ¼ 2.96, d.f. ¼ 1, 5, P . 0.05). The sensitivity of the assay was 20 ng/liter. Intra-and interassay coefficients of variation for repeated determinations of a quality control were 8% and 12%, respectively.
The research was cleared by the Animal Ethics Committee, University of Pretoria (AUCC 040702-015). All procedures followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) .
Statistical analysis.-An ANCOVA was used to determine the degree of parallelism between regression lines when the radioimmunoassays were validated. Preliminary analysis of the data showed that there was a clearly defined reproductive period during the year (from June up to and including October). The reproductive parameters focused on in this study were thus grouped into ''breeding season'' and ''out of breeding season'' groups and an unrelated t-test or Mann-Whitney U-test was performed (depending on whether the data were normally distributed or not). All analyses were performed with the Statistica Version 6.0 computer program (StatSoft, Inc. 2002) .
RESULTS
Pregnancy and lactation.-A general trend was observed in the percentage of females captured that were pregnant, lactating, or both (Fig. 1) . No pregnant or lactating females were captured from March to May. From June to September there was a steep increase in the percentage of pregnant females captured, with more than 60% of the females captured in September being pregnant. In October approximately 50% of all females sampled were pregnant but this declined sharply during November-January. Lactating females were 1st captured during August and lactation was evident until February. The percentage of lactating females captured increased steadily from August to a peak in November, when about 65% of all females sampled were lactating. The percentage of females lactating 1st decreased in December (when only 50% where lactating) and dropped markedly in January and February.
Ovarian histology.-A distinct succession was evident in the proliferation from one follicular stage to its next form (Table  1 ). The number (mean 6 SE) of primordial follicles per section increased from January to March (19.60 6 6.10). This decreased to 3.16 6 0.99 in December. Primary follicles, although occurring in much lower numbers than the primordial follicles, showed much the same trend except for another sharp increase in numbers during July. Secondary follicles increased in number from January (0.06 6 0.03) to a peak in July (0.19 6 0.07) and then again gradually decreased to a mean of 0.03 6 0.01 in December. The mean number of tertiary follicles doubled from February to March, maintained a stable value until August, and then decreased to 0.22 6 0.05 follicles per section in September.
Although the trend in numbers of graafian follicles was not as robust as that previously seen for some of the aforementioned follicles, the number of graafian follicles doubled from January (0.18 6 0.07) to May (0.36 6 0.05). This was subsequently followed by a decrease in June and then another increase in July. There was no significant difference (MannWhitney U-test, U ¼ 6,092, P . 0.05) in the number of graafian follicles, produced per ovary per female between the breeding (0.27 6 0.03; n ¼ 88) and nonbreeding (0.24 6 0.02; n ¼ 150) periods. The slight reduction in number in July may be due to ovulation and the subsequent development into a corpora lutea of pregnancy.
Corpora lutea were present throughout most of the year with 3 distinct peaks observed during April, July, and October (Fig.  2) . There was a significant increase (Mann-Whitney U-test, U ¼ 5,580.50, P , 0.01) in the number of corpora lutea in the breeding season (0.04 6 0.01; n ¼ 88) compared to out of the breeding season (0.02 6 0.01; n ¼ 150). Finally, the number of atretic follicles increased dramatically from January to March; this was then followed by a decrease from April to December (Fig. 2) .
Ovarian mass and volume.-The corrected mass of the ovaries of the Cape dune mole-rat increased from January (0.40 6 0.06 mg/g) to a peak value in May (0.59 6 0.1 mg/g; Fig. 3) . A gradual decrease then followed with lowest value obtained in October (0.25 6 0.07 mg/g). From October to December the mass of the ovaries again increased to 0.37 6 0.05 mg/g. Ovarian volume was fairly stable throughout the year, ranging from 198.8 6 19.6 mm 3 to 250.8 6 17.4 mm 3 , except for April-June, when the volume of the ovaries was greatly reduced (range 141.1 6 16.00 mm 3 to 154.2 6 13.20 mm 3 ; Fig. 4 ). Testicular mass and volume.-The testicular mass of male Cape dune mole-rats was stable from January to April, ranging from 0.42 6 0.13 mg/g to 0.57 6 0.31 mg/g (Fig. 3) . This was followed by a sharp increase to 1.22 6 0.94 mg/g in July. Testicular mass then finally decreased to a value of 0.58 6 0.27 mg/g in December. The volume of the testes showed a dramatic increase from April (277.5 6 48.9 mm 3 ) to May (546.0 6 64.2 mm 3 ; Fig. 4 ). Testicular volume also changed throughout the year in a pattern closely mirroring the testes mass changes. Volume of the testes was fairly constant from January to April. A peak value in the volume of the testes was reached in July (758.4 6 75.1 mm 3 ). This was followed by a decrease in the volume to 509.7 6 75.4 mm 3 in September. In October there was another increase in volume (645.7 6 89.1 mm 3 ) followed by a gradual decrease during November and December (371.7 6 89.4 mm 3 ). Seminiferous tubule diameter.-The seminiferous tubule diameters of the Cape dune mole-rat were fairly constant during January-April (Fig. 5a ). In May there was a sudden increase in the diameter of the tubules. This increase remained relatively stable until July, after which tubule diameter decreased. A sudden increase occurred again during October, when the highest value for seminiferous tubule diameter was measured. November and December showed seminiferous tubule diameters that were comparable to those of January-April. A significant difference was evident between the reproductively active (19.3 6 0.5 lm; n ¼ 69) and Hormones.-Testosterone hormonal levels in males showed 2 distinct peaks, the 1st in June (14.81 6 3.94 nmol/liter) and the 2nd August (13.04 6 4.35 nmol/liter; Fig. 5b ). During the rest of the year basal testosterone levels were relatively low. Testosterone levels were significantly (Mann-Whitney U-test, U ¼ 5,478.00, P , 0.001) higher in the breeding period (8.55 6 1.47 nmol/liter; n ¼ 99) compared to the nonbreeding period (3.30 6 0.50 nmol/liter; n ¼ 154) of the year.
Progesterone concentrations were elevated throughout the year but increased dramatically from February (Fig. 6a) . Three clear peaks of progesterone concentration occurred in March (71.0 6 8.9 nmol/liter), June (78.6 6 8.2 nmol/liter), and September (76.0 6 9.7 nmol/liter). A slight decrease occurred from October (58.8 6 14.6 nmol/liter) to December (37.0 6 8.2 nmol/liter). Progesterone concentrations were significantly higher during the breeding season (70.7 6 4.5 nmol/ liter; n ¼ 96) compared to the nonbreeding season (56.5 6 3.2 nmol/liter; n ¼ 154; Mann-Whitney U-test, U ¼ 6,068.00, P , 0.05).
17b-Estradiol concentrations showed a slight increase during January (27.75 6 8.03 pg/liter) to July (262.7 6 80.8 pg/liter; Fig. 6b ). In August these values increased markedly to a value of 608.6 6 214.5 pg/liter and these elevated levels were maintained through to November (832.0 6 239.4 pg/liter). After November estradiol levels again decreased to a value corresponding to that of the mean values between January and July (98.0 6 23.4 pg/liter). No significant difference (Mann-Whitney U-test, U ¼ 5,695.00, P . 0.05) was found between estradiol concentrations during (379.0 6 76.5 pg/liter; n ¼ 90) and outside (215.8 6 42.5 pg/liter; n ¼ 135) the breeding season.
Rainfall data.-Mean monthly rainfall for the 2-year duration of the study period is provided in Fig. 7 . In both years the rainfall peak was in August with most rainfall measured between March and October. The driest months in both years were November-February.
DISCUSSION
The Cape dune mole-rat is clearly a seasonal breeder whose reproduction is closely tied to the winter rainfall period of the Western Cape. Male Cape mole-rats signal to females at the onset of the breeding season with hind-foot drumming (Bennett and Jarvis 1988a ), a behavior that may well communicate sexual readiness and that may act as a proximate cue for the onset of reproduction in the female. Testicular recrudescence occurs in May with an increase in the absolute size of the testes and an associated increase in the diameter of the seminiferous tubules. The titers of testosterone similarly rise in May and are maintained until October. The Cape mole-rat (Georychus capensis) occurs sympatrically with the Cape dune mole-rat and male G. capensis show a similar pattern of gonadal and hormonal recrudescence associated with the onset of hind-foot drumming (Bennett and Jarvis 1988a) . Testicular regression and reduced testosterone secretion at the end of October is accompanied by a reduction in testes mass and seminiferous tubule diameter. The seasonal pattern of testosterone and testicular recrudescence-regression is closely mirrored by trends noted in G. capensis (Bennett and Jarvis 1988a) .
The 1st incidence of pregnancy in the Cape dune mole-rat was recorded in June, but the month characterized by the most pregnant females was September. The number of pregnant females decreases thereafter, with only a few pregnancies recorded in late January and February. Interestingly, the 1st sign of lactating females was in August and the lactation peak was in November. Given that the gestation period of B. suillus is estimated to be 50-60 days , this result corresponds closely with the prior peak in pregnancy in September. A similar study conducted by Jarvis (1969) on B. suillus found that pregnant females were captured during JulyOctober, although no mole-rats were captured during June. The results obtained from this present study thus closely follow that obtained in the study by Jarvis (1969) with regard to the expected breeding season of the Cape dune mole-rat. In G. capensis embryos were recorded in females from August to December (Bennett and Jarvis 1988a) . Given that this species has a gestation period of 40-50 days this would suggest that similar to B. suillus, courtship and copulation take place in late June. Thus, there are similar patterns of reproduction in these 2 sympatric but phylogenetically distinct species, pointing to a common ecological cue, that is, rainfall, that triggers the onset of reproduction.
The sister taxon of B. suillus is the allopatric Namaqua dune mole-rat (B. janetta), which inhabits the winter rainfall region of Namaqualand (Skinner and Smithers 1990) . Seasonal breeding is clearly demonstrated in this species, with urinary testosterone concentrations increasing from May through November. In females, urinary progesterone concentrations were low except for a sharp increase in July and August. Female teat size started to increase in August, with pregnant and lactating females being caught in August-November (Herbst et al. 2004) .
Together, examination of our data supports the hypothesis that B. suillus is a seasonal breeder and that the onset of reproduction correlates with the winter rainfall period. Rainfall raises the soil moisture content and triggers the growth of belowground plant structures, both of which may provide the mole-rats with reliable external cues for recrudescence (Dennis and Marsh 1997) .
Most solitary species of the family Bathyergidae would thus appear to be seasonal breeders, whereas their social counterparts reproduce aseasonally. This might reflect broad differences in distribution of solitary and social bathyergids and the degree to which environmental conditions vary seasonally. The Western Cape experiences a very dry and hot summer with little to no rainfall for 4 months of the year. Such conditions are not conducive to digging new tunnels necessary for locating mates and for the young to disperse and may explain the restriction of breeding to the wet winter months. It is possible that the relatively short gestation period of both solitary species reflects selection for the production of 2 litters within the limited breeding period. This may explain the clear 2nd peak of many of the reproductive parameters (e.g., number of female corpora lutea and male gonad volume) in October. Females should produce as many young as possible to maximize their reproductive fitness. The solitary species B. suillus and G. capensis have relatively short gestation periods (50-60 and 40-50 days, respectively-Bennett and Faulkes 2000; Bennett and Jarvis 1988a) when compared to their social counterparts, which may vary from 78 days in the Damaraland mole-rat (Cryptomys damarensis) through to 110 days in the giant molerat (Cryptomys mechowi- Bennett and Aguilar 1995; Bennett and Jarvis 1988b) . The relatively short gestation periods in solitary species enables them to have 2 litters during the breeding season and so increase the yearly number of young produced.
All previously studied solitary and social mole-rats that occupy seasonal environments have been shown to be induced ovulators and the males of the various species possess epidermal spines or ornamentation on their penises. This intricate morphology may be important in stimulating the onset of ovulation in the female Cape dune mole-rat (Parag et al. 2006) . It is thus plausible that female B. suillus are induced ovulators, which would facilitate rapid onset of reproduction and so enable multiple mating opportunities and potentially multiple litters to be born during the breeding season.
In males there appear to be 2 distinct phases of maximal testosterone production and secretion, in June and August. The increase in testosterone may well be one of the mediating factors leading to the onset of hind-foot drumming and subsequent mating. Male Namaqua dune mole-rats similarly displayed 2 distinct peaks in testosterone production in August and October that coincided with hind-foot drumming in the field (Herbst et al. 2004) .
Female hormonal profiles were not as clear-cut as those found in males, but progesterone concentrations were notably higher from May to October with a 2nd rise in February and March. Corpora lutea were present in a few females outside of the breeding season although no pregnancies were recorded within this period. This might possibly indicate that, like G. capensis (van Sandwyk and Bennett 2005) , B. suillus is an induced ovulator and that these corpora lutea result from males occasionally mating with females outside the breeding period. 17b-Estradiol concentrations were generally higher over the period May-November, after which the mean concentrations declined sharply. It has been speculated that the Cape dune mole-rat, although displaying a seasonal component in reproduction, may under favorable environmental conditions exhibit an opportunistic breeding pattern by extending the duration of the season (Hart et al. 2006) .
Most hormonal and morphological reproductive parameters explored in this study provide strong evidence for a seasonal reproductive pattern with the potential for females to produce 2 litters per year under optimal environmental conditions. Rainfall and the associated increase in primary productivity would appear to be a key ecological variable that, together with changes in the photoperiod, determines the timing and frequency of reproduction in B. suillus.
